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Soybean mosaic virus: A successful potyvirus with a wide distribution but
restricted natural host range
Abstract
Taxonomy. Soybean mosaic virus (SMV) is a species within the genus Potyvirus, family Potyviridae that
includes almost a quarter of all known plant RNA viruses affecting agriculturally important plants. The
Potyvirus genus is the largest of all genera of plant RNA viruses with 160 species.
Particle. The filamentous particles of SMV, typical of potyviruses, are about 7,500 Å long and 120 Å in
diameter with a central hole of about 15 Å in diameter. Coat protein residues are arranged in helice of about
34 Å pitch having slightly less than 9 subunits per turn.
Genome. The SMV genome consists of a single-stranded positive-sense polyadenylated RNA of
approximately 9.6 kb with a virus-encoded protein (VPg) linked at the 5' terminus. The genomic RNA
contains a single large open reading frame (ORF). The polypeptide produced from the large ORF is processed
proteolytically by three viral-encoded proteinases to yield about 10 functional proteins. A small ORF, partially
overlapping the P3 cistron, pipo, is encoded as a fusion protein in the N-terminus of P3 (P3N+PIPO).
Biological properties. SMV’s host range is restricted mostly to two plant species of a single genus; Glycine max
(cultivated soybean) and G. soja (wild soybean). SMV is transmitted by aphids non-persistently and by seeds.
Variability of SMV is recognized by reactions on cultivars with dominant resistance (R) genes. Recessive
resistance genes are not known.
Geographical distribution and economic importance. As a consequence of its seed transmissibility, SMV is
present in all soybean growing areas of the world. SMV infections can reduce significantly seed quantity and
quality (e.g., mottled seed coats, reduced seed size and viability, and altered chemical composition).
Control. The most effective means of managing losses from SMV are planting virus-free seeds and cultivars
containing single or multiple R genes.
Key attractions. The interactions of SMV with soybean genotypes containing different dominant R genes and
understanding functional role(s) of SMV-encoded proteins in virulence, transmission and pathogenicity have
been intensively investigated. The SMV-soybean pathosystem has become an excellent model for examining
the genetics and genomics of uniquely complex gene-for-gene resistance model in a crop of worldwide
importance.
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SUMMARY 
Taxonomy. Soybean mosaic virus (SMV) is a species within the genus Potyvirus, family 
Potyviridae that includes almost a quarter of all known plant RNA viruses affecting 
agriculturally important plants. The Potyvirus genus is the largest of all genera of plant RNA 
viruses with 160 species.  
Particle. The filamentous particles of SMV, typical of potyviruses, are about 7,500 Å long and 
120 Å in diameter with a central hole of about 15 Å in diameter. Coat protein residues are 
arranged in helice of about 34 Å pitch having slightly less than 9 subunits per turn.  
Genome. The SMV genome consists of a single-stranded positive-sense polyadenylated RNA of 
approximately 9.6 kb with a virus-encoded protein (VPg) linked at the 5' terminus. The genomic 
RNA contains a single large open reading frame (ORF). The polypeptide produced from the 
large ORF is processed proteolytically by three viral-encoded proteinases to yield about 10 
functional proteins. A small ORF, partially overlapping the P3 cistron, pipo, is encoded as a 
fusion protein in the N-terminus of P3 (P3N+PIPO). 
Biological properties. SMV’s host range is restricted mostly to two plant species of a single 
genus; Glycine max (cultivated soybean) and G. soja (wild soybean). SMV is transmitted by 
aphids non-persistently and by seeds. Variability of SMV is recognized by reactions on cultivars 
with dominant resistance (R) genes. Recessive resistance genes are not known. 
Geographical distribution and economic importance. As a consequence of its seed 
transmissibility, SMV is present in all soybean growing areas of the world. SMV infections can 
reduce significantly seed quantity and quality (e.g., mottled seed coats, reduced seed size and 
viability, and altered chemical composition).  
Control. The most effective means of managing losses from SMV are planting virus-free seeds 
and cultivars containing single or multiple R genes.  
Key attractions. The interactions of SMV with soybean genotypes containing different 
dominant R genes and understanding functional role(s) of SMV-encoded proteins in virulence, 
transmission and pathogenicity have been intensively investigated. The SMV-soybean 
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pathosystem has become an excellent model for examining the genetics and genomics of 
uniquely complex gene-for-gene resistance model in a crop of worldwide importance.  
INTRODUCTION 
Soybean mosaic virus (SMV) is one of 39 viruses in the Bean common mosaic virus (BCMV) 
lineage of potyviruses, most of which originated in South and East Asia (Gibbs, 2008). SMV can 
cause significant damage in soybean and is present worldwide. SMV has a very narrow host 
range and apart from soybean, natural infection has been documented only in Passiflora spp., 
Pinellia ternate, Senna occidentalis and Vigna angularis (Almeida et al., 2002; Chen et al., 
2004; Benscher et al., 1996; Sun et al., 2008; Yoon et al., 2017). The SMV determinants for host 
specificity have not been mapped; however, it appears HC-Pro does not play a major role 
(Hajimorad et al., 2016). A role for P1 in adaptation of SMV to Pinellia ternata has been 
hypothsized (Chen et al., 2004; Valli et al., 2007); however, direct experimental evidence is 
lacking. Experimentally, SMV infects plant species belonging to the genera of Lespedeza, 
Phaseolus, Pisum, Nicotiana, Vigna, and Zantedeschia (Gao et al., 2015b; Hunst and Tolin, 
1982; Ross, 1969).  
SMV is naturally transmitted by aphid species in a non-persistent manner and via infected 
seeds. Foliar symptoms vary from moderate to severe leaf mottling, distortion of leaves, necrosis 
and overall stunting and occasionally death of the infected plants. Seeds derived from the 
infected plants often exhibit mottling (Fig. 1). Yield losses as high as 86% were reported in 
uniformly infected field plots (Goodman and Oard, 1980; Hill et al., 1987; Pfeiffer et al., 2003; 
Ren et al., 1997a,b; Song et al., 2016a; Tu, 1989). The extent of damage to the crop is dependent 
on the host genotype, predominant virus strain, infection incidence, and the developmental stage 
at which soybean plants become infected. (Goodman et al., 1979; Goodman and Oard, 1980; Hill 
et al., 1980; Zhang et al., 1986). Infections that occur after flowering and infection incidences 
less than 25% usually have little impact on yields or seed quality (Bowers and Goodman, 1979; 
Ren et al., 1997a; Song et al., 2016a).   
 Current reviews on various aspects of SMV are available (Cui et al., 2011; Hill and 
Whitham, 2014; Liu et al., 2016; Saghai Maroof et al., 2008a; Whitham et al., 2016).  
TRANSMISSION 
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Aphid transmission. SMV has been experimentally transmitted in a non-persistent manner by 
more than 35 species of aphids (Irwin and Goodman, 1981). However, a much smaller number of 
aphid species have been found to transmit SMV in the field. In the north central United States, 
Aphis craccivora, Macrosiphum euphorbiae, Myzus persicae, Rhopalosiphum maidis, and R. 
padi, were responsible for more than 90% of the transmissions in the field (Halbert et al., 1981). 
In Thailand, M. persicae, and A. gossypii were the most significant vectors of SMV (Banziger 
and Hengsawad, 1985). Even though A. glycines is capable of transmitting SMV experimentally 
(Clark and Perry, 2002; Hill et al., 2001), it is a poor vector in the field (Wang and Ghabrial, 
2002). The growth rates of A. glycines on SMV-infected plants often are significantly lower than 
on healthy soybean plants (Cassone et al., 2015; Donaldson and Gratton, 2007; Penaflor et al., 
2016). SMV isolates can differ significantly in their rates of transmission by a single aphid 
species (Domier et al., 2003; Lucas and Hill, 1980; O'Connell-Ziegler et al., 1986).  
Aphid Transmission Determinants.  Interactions between helper-component proteinase (Fig. 2) 
(HC-Pro) and coat protein (CP) are important for aphid transmission of SMV (Jossey et al., 
2013; Kang et al., 2006; Seo et al., 2010). HC-Pro acts as a bridge between aphid stylets and 
virus particles (Ng and Falk, 2006). Within HC-Pro, the KITC (KLSC in SMV) motif is thought 
to be involved in binding aphid stylets. The PTK motif in HC-Pro is thought to interact with the 
DAG motif near the exposed amino terminus of the CP (Atreya et al., 1990; Blanc et al., 1997, 
1998; Kendall et al., 2008; Shukla, et al., 1988). The KLSC and PTK motifs in HC-Pro, and the 
DAG motif in CP, have been confirmed to be involved in SMV aphid transmission (Jossey et al., 
2013; Seo et al., 2010). Additional amino acid sequences near the carboxyl terminus of HC-Pro 
and the putatively exposed carboxyl terminus of CP have been implicated in aphid 
transmissibility of SMV (Jossey et al., 2013; Kang et al., 2006;; Seo et al., 2010). 
Seed transmission. Transmission through seed is an important factor in the epidemiology of 
SMV in China and North America (Goodman et al., 1979; Goodman and Oard, 1980; Hill et al., 
1980; Zhang et al., 1986). Rates of seed transmission vary from 0% to 64% depending on the 
genotype of virus and soybean (Bowers and Goodman, 1991; Domier et al., 2007; Porto and 
Hagedorn, 1975). The SMV protein 1 (P1), HC-Pro and CP cistrons are determinants for seed 
transmission (Jossey et al., 2013). Within the CP, the DAG motif and an amino acid substitution 
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near the putatively exposed carboxyl terminus of CP were important for seed transmission and 
virus-induced seed-coat mottling. The findings that SMV HC-Pro and CP are involved in both 
aphid and seed transmission is supported by observations that SMV field isolates poorly 
transmitted by A. glycines also were poorly transmitted through seed (Domier et al., 2007). 
RNA silencing is suggested to play an important role in both seed transmission and virus-
induced seed-coat mottling. Regions on soybean chromosomes 4 and 6 containing homologues 
of Arabidopsis genes DICER-LIKE 3 (DCL3) and RNA DEPENDENT RNA POLYMERASE 6 
(RDR6) encoding enzymes involved in RNA silencing are associated with both seed transmission 
of SMV and SMV-induced seed-coat mottling (Domier et al., 2011). Infection of soybean by 
SMV, and by other viruses that express strong suppressors of RNA silencing, often induce 
mottling of soybean seed coats in a host and virus strain-specific manner (Bowers and Goodman, 
1991; Domier et al., 2007; Hobbs et al., 2003). The mottling of soybean seed coats in plants 
infected with SMV results from partial suppression of RNA silencing of chalcone synthase 
mRNAs by SMV HC-Pro (Senda et al., 2004).  
VARIABILITY 
Diversity among SMV isolates was first recognized when some resistant soybean lines became 
infected by SMV isolates (Ross, 1969, 1975). Isolates also varied in symptomatology, seed 
transmission, aphid transmission, ultrastructural effects, and to some extent experimental host 
range. Cho and Goodman (1979) developed a system to categorize SMV isolates in the US into 
seven strain groups (G1-G7) based on phenotypic responses of a set of susceptible and resistant 
soybean cultivars. This system is also used in Brazil, Iran, Korea, and Ukraine (Ahangaran et al., 
2013; Almeida, 1981; Anjos et al., 1985; Choi et al., 2005; Cho et al., 1977; Sherepitko et al., 
2011). In Japan and China alternative strain classification systems were reported.  The Japanese 
system classifies SMV isolates into strains A, B, C, D, and E and considers both biological and 
sequence data (Saruta et al., 2005). The Chinese system uses several soybean differential lines to 
classify SMV strains SC1-21 (Li et al., 2010b; Ma et al., 2016; Wang et al., 2003). 
Complete genome sequences were first reported for SMV strains G2 and G7 (Jain et al., 
1992; Jayaram et al., 1991, 1992). Since then, a rapidly increasing number of complete genome 
sequences of isolates from China, Iran, Japan, Korea and North America have been determined, 
enableing studies of virus evolution in relation to inoculum source and deployed resistance genes 
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(Ahangaran et al., 2013; Chen et al., 2017b; Chowda-Reddy et al., 2011a; Domier et al., 2011; 
Hajimorad et al., 2003; Saruta et al., 2005; Seo et al., 2009a; Zhou et al., 2015; ). Analyses 
showed that SMV cistrons were subject to different selection pressures (Seo et al., 2009b; Zhou 
et al., 2015). For example, changes in pathotype prevalence in Korea since the early 1970s was 
correlated with changes in cytoplasmic inclusion (CI) and HC-Pro sequences (Cho et al., 1977; 
Kim et al., 2003; Choi et al., 2005; Li et al., 2014). Phylogenies constructed from non-
recombinant full-length SMV sequences show four distinct clades and significant genetic 
differences among SMV isolates from China and from both Korea and the US (Chen et al., 
2017b; Zhou et al., 2015). Intra- and interspecific recombination was common in China, 
including recombinants with BCMV suggesting that overcoming host resistance may involve 
recombination, as well as mutational events in the diversification of SMV populations (Seo et 
al., 2009b; Yang et al., 2014; Zhou et al., 2014).   
GENOME ORGANIZATION AND EXPRESSION 
The SMV genome consists of a single-stranded positive-sense RNA of approximately 9,600 
nucleotides harboring a single large open reading frame (ORF) (Jayaram et al., 1992). The 
genome is polyadenylated at the 3' end and has a virus-genome linked protein (VPg) covalently 
attached at the 5' end. The translated polyprotein is processed by three SMV encoded proteinases 
to produce a series of multifunctional proteins which include P1, HC-Pro, protein 3 (P3), 6K1, 
CI, 6K2, nuclear inclusion a (NIa), nuclear inclusion b (NIb), and CP. Self-cleavage of NIa 
yields two additional proteins, VPg and the protease domain (Fig. 2). The SMV genome also 
harbors pipo (Chung et al., 2008; Wen and Hajimorad, 2010). The pipo of SMV, the first to be 
described in potyviruses movement, is expressed as a fusion protein (P3N+PIPO) as a 
consequence of transcriptional slippage (Chung et al., 2008; Cui et al., 2017; Olspert et al., 
2015; Rodamilans et al., 2015; Vijayapalani et al., 2012; Wen and Hajimorad, 2010; White, 
2015). SMV particles have served as model to study symmetry of flexuous viruses by a 
combination of cryo-electron microscopy, X-ray fiber diffraction, and scanning transmission 
electron microscopy (Kendall et al., 2008). The mechanism of SMV replication, the genome 
organization and strategy for expression have been extrapolated largely based on studies 
conducted on other model potyviruses such as Tobacco etch virus (Eggenberger et al., 1989; 
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Ghabrial et al., 1990; Vance and Beachy, 1984a,b). Excellent review articles describe these 
aspects of potyviruses (Ivanov et al., 2014; Lopez-Moyo et al., 2009; Revers and Garcia, 2015).  
FUNCTIONS OF ENCODED PROTEINS 
SMV-encoded proteins have been subjects of limited studies. Host-specific interaction of SMV 
P1 with a mature Rieske Fe/S protein suggested that P1 is involved in symptom development and 
host adaptation (Shi et al., 2007). SMV HC-Pro has a role in aphid transmission and in 
suppression of gene silencing (Li et al., 2014; Lim et al., 2005, 2011; Jossey et al., 2013; Senda 
et al., 2004). Interactions between P3 and P3N+PIPO with small subunit of RubisCO have been 
associated with symptom development (Lin et al., 2011). Furthermore, interaction of P3 with 
soybean actin-depolymerizing factor 2 suggests a role in virus movement (Lu et al., 2015). 
Interaction of SMV P3N-PIPO with Golgi SNARE 12 may play a role in plasmodesmata 
targeting (Song et al., 2016b). The roles of HC-Pro and P3 in virulence (i.e. ability to overcome 
resistance mediated by a defined R gene) and pathogenicity (i.e. the ability to induce severe 
symptoms and enhanced virus accumulation in susceptible soybeans) have been demonstrated 
(Ahangaran et al., 2013; Chowda-Reddy et al., 2011a; Eggenberger et al., 2008; Hajimorad et 
al., 2003, 2005, 2006, 2008, 2011; Khatabi et al., 2012, 2013; Lim et al., 2007; Seo et al., 2011; 
Wang et al., 2015; Wang and Hajimorad, 2016; Wen et al., 2013). SMV pipo is involved in 
movement, but not in virulence on Rsv1-genotype soybeans (Wen and Hajimorad, 2010; Wen et 
al., 2011). The SMV 6K1 protein localizes to the periphery of infected cells suggesting a 
possible involvement in cell-to-cell movement (Hong et al., 2007). Involvement of CI in 
virulence and pathogenicity is well known (Seo et al., 2009a; Zhang et al., 2009). Protease 
activity of NIa was demonstrated and its consensus proteinase cleavage sequences identified 
(Ghabrial et al., 1990). CP is involved in cell-to-cell and long-distance movement as well as 
aphid and seed transmission (Jayaram et al., 1991, 1998; Jossey et al., 2013; Seo et al., 2010, 
2013). As SMV represents a typical potyvirus, the role(s) of its encoded proteins in the infection 
cycle are expected to be analogous to those of model potyviruses where function(s) have been 
established experimentally. Reviews on potyviral encoded proteins and their roles have been 
published recently (Revers and Garcia, 2015; Rohozkova and Navratil, 2011; Sorel et al., 2014; 
Vali et al., 2017). 
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RESISTANCE GENES OF THE SMV PATHOSYSTEM 
Extensive research has been conducted on the SMV-soybean pathosystem to identify and 
characterize genes conferring resistance to and interacting with various SMV strains. These 
efforts have been facilitated by the availability of genetics, virology and genomics resources 
including SMV strains, differential soybean cultivars, near isogenic lines, recombinant inbred 
lines, and high density linkage maps. The soybean genome sequence and affordable 
resequencing and RNA-sequencing have accelerated the progress leading to the identification of 
candidate genes for Rsv and Rsc (Table 1).  
Dominant genes Rsv1, Rsv3, Rsv4, and Rsv5 confer resistance to the US SMV strains and 
have been mapped to three chromosomes 2, 13, and 14 (Saghai Maroof et al.; 2008a; Klepadlo et 
al., 2017b) (Table 1). Genes conferring resistance to SC strains are designated as Rsc followed 
by a strain identifier used in the Chinese system (Li et al., 2010b). Many of the Rsc genes have 
been mapped to the same three chromosomes as Rsv genes (Table 1). One gene, Rsc15 
conferring resistance to SMV strain SC15, maps uniquely to chromosome 6 (Yang and Gai, 
2011). Allelic relationship between the Rsv and Rsc loci have not been examined. No recessive 
genes for resistance to SMV have been described. The Rsv1 locus was identified in PI96983 
(Kiihl and Hartwig 1979). Any Rsv1 genotype soybean, displays extreme resistance (ER) to 
avirulent SMV strains that, by definition, are asymptomatic and remain undetectable in 
inoculated leaves (Fig. 3A). No significant changes in gene expression in response to inoculation 
with an avirulent SMV strain were observed (Zhang et al., 2012). Graft-mediated inoculation of 
Rsv1-genotype soybean with an avirulent SMV resulted in a limited hypersensitive response 
(HR) associated with resistance (Hajimorad and Hill, 2001). SMV strain G7 induces local HR 
and a lethal systemic HR (LSHR), possibly a consequence of “weak elicitor” function resulting 
in a delayed defense response (Hajimorad et al., 2003, 2005; Wen et al., 2013).   
The Rsv1 (PI96983) locus has been found to be extremely complex, with at least ten Rsv1 
alleles recognized, namely Rsv1-c (Corsica), Rsv1-d (FT-10), Rsv1-h (Suweon97), Rsv1-k 
(Kwangyyo), Rsv1-m (Marshall), Rsv1-n (PI507389), Rsv1-r (Raiden), Rsv1-s (LR1, PI486355), 
Rsv1-t (Ogden), and Rsv1-y (York) (Chen et al., 1991, 2001, 2002; Ma et al., 1995, 2003; Moon 
et al., 2009; Shakiba et al., 2013). Rsv1-y in York was recently renamed as a new gene, Rsv5, 
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and mapped near Rsv1 (Chen et al., 1991; Klepadlo et al., 2017b). The resistance gene in Raiden 
was initially assigned to Rsv2 since it differed from the Rsv gene in PI96983 (Buzzell & Tu, 
1984; Kiihl & Hartwig, 1979). Its gene assignment was changed to Rsv1-r once allelism with 
Rsv1 was demonstrated using OX670, which had Raiden in its ancestry  (Chen et al., 2001; 
Gunduz et al. 2001).   
The dominant Rsv1 gene has been mapped to chromosome 13 (MLG F). Rsv1 is highly 
complex and has been extensively studied as discussed above and exemplified by the citations in 
Table 1. Hayes et al. (2004) identified a cluster of nucleotide-binding-leucine rich repeat (NB-
LRR)-type R-gene candidates in PI96983, and demonstrated multiple genes within this cluster 
interacted to condition unique responses to SMV strains. A coiled-coil NB-LRR (CC-NB-LRR)-
type R-gene, 3gG2 (Glyma13g190800) was identified as a strong candidate for Rsv1. Yang et al. 
(2013) mapped Rsc-ps and Rsc-pm conditioning resistance to SC3, SC6, SC7, and SC17 to the 
same chromosomal region. Recently, Ma et al. (2016) mapped Rsv1-h, which confers resistance 
to G1-G7, SC-6N and SC-7N strains, to a 97.5 Kb region and identified two CC-NB-LRR type 
R-gene candidates in the Rsv1 chromosomal region. More detail on the Rsv1 chromosomal 
interval is provided in Table 1. 
The dominant gene Rsv3 was first identified in OX686 (Buzzell and Tu, 1989). Later, it was 
also identified in L29, Harosoy (Rsv3-hs), Tousan140, Hourei, and OX670 (Buss et al., 1999; 
Gunduz et al., 2001, 2002). Soybean cultivars with Rsv3 are resistant to SMV strains G5-G7, but 
susceptible to strains G1-G4. Rsv3 alleles with differential responses to SMV strains have been 
identified in PI61947 (Rsv3-h) and PI399091 (Rsv3-c) (Shakiba et al., 2012a). Cervantes-
Martinez et al. (2015) identified a new Rsv3 allele, Rsv3-n, in PI61944. Other soybean cultivars, 
PI91346, Tej-sen-da-aj-pi and Kolhida 4, contain new but as yet uncharacterized Rsv3 alleles (Li 
et al., 2010a).  
Rsv3 was fine mapped to a region of 154 kb on Chromosome 14 (MLG B2) in a cluster of 
five similar CC-NB-LRR genes (Suh et al., 2011). Comprehensive sequence analysis of the five 
genes from susceptible and resistant lines suggested Glyma14g38533 as the most likely 
candidate gene for Rsv3 (Redekar et al., 2016). In China, Wang et al. (2011a) also fine mapped 
Rsc4 from cv. Dabaima to an interval of <100 kb on the same chromosomal region and identified 
three CC-NB-LRR candidate genes including Glyma14g38533. Li et al. (2016) silenced the three 
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genes and concluded that at least one of the three genes is responsible for Rsc4 resistance to 
SMV (Table 1).  
The dominant Rsv4 locus was initially recognized in PI486355 in association with an Rsv1-s 
allele. It was subsequently isolated in a line among crosses with Essex, and released as V94-5152 
germplasm (Buss et al., 1997; Ma et al., 1995). Unlike Rsv1 and Rsv3, the Rsv4 in V94-5152 
soybean was resistant with no necrotic responses to G1-G7 strains (Buss et al., 1997; Ma et al., 
1995). The Rsv4 gene was also identified in PI88788 in which local infection by SMV-G1 and 
SMV-G4 was detected (Gunduz et al., 2004). Thus, Rsv4 appears to permit limited replication in 
inoculated leaves (Fig. 3C), and to delay and restrict systemic movement (Chowda-Reddy et al., 
2011a; Gunduz et al., 2004; Ilut et al., 2016; Khatabi et al., 2012; Wang et al., 2015). A number 
of US field isolates have been found to be virulent on PI88788 (Khatabi et al., 2012). 
Nevertheless, resistance mediated by Rsv4 in V94-5152 is robust and alteration in the 
corresponding SMV avirulence factor is required for gain of virulence (Fig. 4E). Alleles of Rsv4 
with interactions different from G1 and G4 were identified in Beeson (Rsv4-b) and Shin2 
(Shakiba et al., 2013; Li et al., 2010a). The Rsv4-v allele in PI438307 (Klepadlo et al., 2016) 
gives reactions distinct from those of V94-5152 and PI88788 (Gunduz et al., 2004). Two new 
Rsv4 sources in Haman and Ilpumgeomjeong accessions have been identified from Korea (Ilut et 
al., 2016). 
Rsv4 was fine mapped to a region of 94 kb on chromosome 2 (MLG D1B) through a targeted 
association analysis using resequencing data from 19 accessions to identify eleven candidate 
genes (Ilut et al., 2016). Unlike the Rsv1 and Rsv3 loci, the Rsv4 region lacked genes similar to 
known R-genes, suggesting that Rsv4 functions via a potentially novel resistance mechanism 
(Ilut et al., 2016). Additional candidate SMV resistance genes on chromosome 2 have been 
identified for Rsv4 and for Rsc7, Rsc8, and Rsc18 (Klepadlo et al., 2017a; Li et al., 2015;  Wang 
et al., 2011b; Yan et al., 2015; Zhao et al., 2016) (Table 1). 
SMV DETERMINANTS CONFERRING AVIRULENCE/VIRULENCE 
SMV has evolved mechanism(s) to counter resistance mediated by the R-genes and naturally 
occurring virulent SMV strains have been identified. By taking advantage of these naturally 
evolved virulent SMV, as well as experimentally evolved virulent variants, combined with 
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comparative genomics, construction of recombinant viruses and site-directed mutagenesis, the 
determinants of SMV conferring avirulence/virulence on soybean genotypes containing each of 
the Rsv loci have been identified as discussed in brief below.   
Avirulence/virulence determinants on Rsv1. Virulent field isolates of SMV on Rsv1-genotype 
soybeans are infrequent, but have been reported in Korea (Ahangaran et al., 2013; Choi et al., 
2005; Khatabi et al., 2012; Seo et al., 2009b; Viel et al., 2009). The determinant of SMV 
provoking Rsv1-mediated LSHR has been mapped to P3 with the residues identified (Hajimorad 
et al., 2003, 2005). Indirect evidence suggests HC-Pro is also capable of provoking Rsv1-
mediated LSHR (Khatabi et al., 2013; Seo et al., 2011; Wen et al., 2013). Gain of virulence on 
soybeans containing the entire Rsv1 locus requires concurrent mutations in both HC-Pro and P3 
(Fig. 4A-B). Many observations suggest both viral genetics and the soybean background 
expressing the Rsv1 locus influence selection of virulence mutations (Eggenberger et al., 2008; 
Hajimorad et al., 2003, 2008, 2011; Wen et al., 2013). This was not considered by Chowda-
Reddy et al. (2011b) who used chimeric SMV to map the determinants and concluded CI, in 
addition to P3 and HC-Pro, also is involved.  
Recognition of both HC-Pro and P3 by Rsv1 is not a deviation from gene-for-gene theory as 
the Rsv1 locus contains multiple R genes recognizing independently HC-Pro and P3 (Hajimorad 
et al., 2011; Hayes et al., 2004; Wen et al., 2011, 2013). The R gene(s) recognizing HC-Pro 
allows limited replication of an avirulent SMV at inoculation site whereas the gene recognizing 
P3 confers ER (Hajimorad et al., 2011; Wen et al., 2011, 2013). These closely related R-genes 
within the Rsv1 locus remain to be identified and characterized, but it appears 3gG2 targets P3 
for recognition (Wen et al., 2011, 2013). Gain of virulence on Rsv1-genotype soybeans is 
associated with fitness loss on susceptible soybeans mainly as a consequence of HC-Pro 
mutation(s) (Khatabi et al., 2013). The requirement for multiple mutations in HC-Pro or P3 for 
gain of virulence on Rsv1-genotype soybeans (Fig. 4A-C) combined with a consequential fitness 
penalties could explain a limited presence of resistance-breaking SMV isolates.   
Avirulence/virulence determinant on Rsv3. The Rsv3 locus in soybean L29 produces ER (Fig. 
3B) or allows for limited replication of avirulent SMV isolates (G5-G7) at the site of inoculation 
(Seo et al., 2009a; Zhang et al., 2009). Regardless, an avirulent SMV remains restricted to the 
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inoculated leaves. SMV strains virulent on L29 induce either mosaic or LSHR (Seo et al., 2009a; 
Zhang et al., 2009). The avirulence determinant provoking Rsv3-mediated resistance has been 
mapped to CI where a single amino acid residue converts avirulence to virulence (Fig. 4D) (Seo 
et al., 2009a; Zhang et al., 2009). CI is also a pathogenicity factor (Seo et al., 2009a; Zhang et 
al., 2009). Despite its dual roles in virulence and pathogenicity, virulent SMV isolates on Rsv3 
are frequent around the world (Ahangaran et al., 2013; Choi et al., 2005; Khatabi et al., 2012; 
Seo et al., 2009b; Viel et al., 2009). Interestingly, Rsv3-virulent SMV isolates, e.g., the G2 
isolate SMV-N, are highly pathogenic on susceptible cultivars (Hajimorad and Hill, 2001; 
Khatabi et al., 2013; Wang and Hajimorad, 2016; Zhang et al., 2009). The widespread presence 
of Rsv3-breaking isolates is contradictory to the hypothesis proposed by Chowda-Reddy et al., 
(2011b) that multiple simultaneous mutations in multiple SMV-encoded proteins are required for 
gain of virulence. If multiple mutations in multiple SMV-encoded proteins are requirements for 
gain of virulence by avirulent SMV on Rsv3, one expects such an R genes remain durable 
(Harrison, 1982).   
Avirulence/virulence determinants on Rsv4.  Amino acids substitutions at three positions of P3 
independently confer avirulence/virulence to SMV on Rsv4 soybeans (Fig. 4D). However, the 
genetic composition of P3 influences the selection of the amino acid (Ahangaran et al., 2013; 
Chowda-Reddy et al., 2011a; Khatabi et al., 2012; Wang et al., 2015).  Using chimeric viruses, 
Chowda-Reddy et al., (2011b) hypothesized that multiple SMV-encoded proteins are involved in 
virulence of SMV on Rsv4 soybeans, but findings by others do not support this hypothesis 
(Ahangaran et al., 2013; Khatabi et al., 2012; Wang et al., 2015).  Gain of virulence mutations in 
Rsv4-genotype soybean is associated with a fitness penalty on susceptible soybeans suggesting a 
positive influence on the durability of Rsv4 (Wang and Hajimorad, 2016). 
SIGNALING AND HOST RESPONSES 
A variety of approaches have been used to identify changes in host gene expression that 
influence compatible and incompatible SMV-soybean interactions. In this section we highlight 
major conclusions from these studies.  
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Signaling and host responses in compatible interactions. Microarray expression profiling of 
the responses of a susceptible soybean cultivar to SMV strain G2 provided evidence for 
induction of stress and defense-like responses and down-regulation of photosynthesis- and cell 
wall-related genes, among other changes (Babu et al., 2008). In addition, basal defense pathways 
that involve the signaling proteins ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and 
PHYTOALEXIN DEFICIENT 4 (PAD4), which function upstream of salicylic acid (SA), 
appear to be involved in limiting SMV infection, even in compatible interactions (Wang et al., 
2014). Virus-induced gene silencing (VIGS) of GmEDS1 or GmPAD4 allowed greater 
accumulation of SMV G5 in a susceptible cultivar. Silencing a nuclear-localized heat shock 
protein (HPS) 40 gene suppressed basal soybean defenses and enhanced susceptibility to SMV 
(Liu and Whitham, 2013). When SA-based defenses are constitutively activated in SMV-
susceptible soybeans by silencing expression of MITOGEN-ACTIVATED PROTEIN KINASE 4 
(GmMPK4) or GmMPK6, plants develop enhanced resistance to SMV (Liu et al., 2011, 2014). 
However, silencing of GmMPK4 and GmMPK6 negatively impacted soybean growth and 
development demonstrating that constitutive SA-based defenses are not likely to be an effective 
approach for disease control in soybean (Liu et al., 2011, 2014). 
Although SMV may activate and be partially limited by basal defenses, it induces changes in 
cellular physiology that favor virus accumulation. The SMV P3 protein interacts with eukaryotic 
elongation factor 1A (eEF1A), a GDP:GTP binding protein that delivers aminoacylated tRNAs 
to ribosomes (Luan et al., 2016). The guanine nucleotide exchange factor eEF1B recycles eEF1A 
to the active GTP-bound form. VIGS of both eEF1A and eEF1B reduces SMV virulence 
suggesting that these proteins are essential for virulence (Luan et al., 2016). In addition, VIGS of 
these genes prevents an endoplasmic reticulum stress response to SMV. Chemicals like 
dithiothreitol and tunicamycin induce the unfolded protein response and in doing so promote 
SMV infection. However, the endoplasmic reticulum stress response to these chemicals is 
impaired when eEF1A is silenced, and they cannot promote SMV infection. It was proposed that 
P3 targets eEF1A to elicit the unfolded protein response that promotes SMV accumulation.  
Chen et al. (2016) used RNA sequencing to investigate changes in soybean mRNA and 
small RNA accumulation, and the mRNA degradome at 14 days post inoculation in a susceptible 
cultivar in response to three different compatible SMV isolates. Their data suggested that SMV 
infection affected a variety of regulatory networks. Yin et al. (2013) found that 11 microRNAs 
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(miRNAs) were upregulated and three miRNA families were down regulated in susceptible 
soybean at 4 hours post infection (hpi) with SMV strain SC7. More recently, Bao et al. (2017) 
showed that SMV infection upregulates miRNAs that regulate antiviral gene silencing 
components (AGO1, AGO2, DCL1, and DCL2) and genes encoding NBS-LRR proteins. SMV 
infection down regulated the expression of the miRNA target genes, and interestingly, when the 
activity of the miRNAs were inhibited, plant tissues became less susceptible to SMV. These data 
suggest that SMV may inhibit antiviral defenses, in part, through upregulation of miRNAs. 
Signaling and host responses in incompatible interactions. A significant amount of research 
has focused on identifying factors that function in Rsv1 signaling. The Rsv1-mediated ER has 
been difficult to study directly. However, the Rsv1-mediated LSHR that occurs on the whole 
plant level has been exploited to investigate Rsv1-mediated defense responses.  
Silencing of soybean homologous of RAR1 and SGT1 enabled systemic movement of SMV 
G2 in Rsv1 plants (Fu et al., 2009), indicating that the encoded proteins are necessary for proper 
Rsv1 function. Silencing of soybean homologous of HSP90, which often function in complexes 
with RAR1 and SGT1 to control R protein stability and function, did not result in systemic SMV 
G2 movement (Fu et al., 2009). However, Zhang et al. (2012) showed that silencing GmHSP90 
enabled local replication and movement of a GUS-tagged SMV-G2. The combined results 
suggest that Rsv1 requires the chaperone HSP90 and co-chaperones RAR1 and SGT1 for proper 
function and expression of ER in response to avirulent SMV isolates. 
A long-scale VIGS identified genes required for Rsv1 function. This screen employed a SMV 
G2 expressing the uida gene, which enabled identification of a loss-of-ER phenotype (Fig. 5A) 
(Zhang et al., 2012). Using this approach, 82 VIGS clones were screened, and GmEDS1, 
GmPAD4, GmHSP90, GmJAR1, GmEDR1, GmWRKY6, and GmWRKY30 were required for Rsv1 
resistance. R proteins typically signal through either EDS1 and PAD4 or NDR1, and consistent 
with this GmNDR1 was not associated with Rsv1 signaling in two different studies (Selote and 
Kachroo, 2010, Zhang et al., 2012). Based on genes identified by Zhang et al. (2012) and Fu et 
al. (2009), a Rsv1 signaling network is proposed (Fig. 5B). 
RNA-sequencing of the Rsv1-mediated LSHR to SMV-G7 identified eukaryotic translation 
initiation factor 5A (elF5A) as strongly induced gene. VIGS of elF5A suppressed the LSHR and 
associated responses such as GmPR1 expression, reactive oxygen species, and cell death, while 
This article is protected by copyright. All rights reserved.
15 
accumulation of SMV-G7 was increased. Therefore, elF5A appears to be required for Rsv1-
mediated LSHR to SMV-G7. Small RNA profiling showed that miRNA 168 (miR168) is 
strongly induced during LSHR (Chen et al., 2015). miR168 directs cleavage of the 
ARGONAUTE 1 (AGO1) mRNA transcripts, and in accordance with this, more AGO1 mRNA 
cleavage products and less AGO1 proteins were detected during LSHR. Silencing SUPPRESSOR 
OF GENE SILENCING 3, which promotes accumulation of AGO1 mRNA and protein, 
suppressed LSHR, but did not dramatically affect SMV accumulation. These results suggest that 
AGO1 homeostasis is disrupted during LSHR, but the impact and precise mechanism of the 
response is not yet known.  
Rsv3-mediated resistance to SMV is not accompanied by obvious symptoms, and it has been 
referred to as ER (Fig. 3B) (Seo et al., 2014). However, Zhang et al. (2009) found using a GUS-
tagged SMV strain that there may be limited viral replication and cell-to-cell movement without 
HR. Using time course RNA sequencing, members of the protein phosphatase 2C (GmPP2C) 
family were up-regulated at 8 hpi in response to an avirulent SMV isolate, SMV-G5H (Seo et al., 
2014). The most up-regulated gene was GmPP2C3a, which is associated with abscisic acid 
(ABA)-mediated responses. Accordingly, ABA levels were induced at 8 and 24 hpi in response 
to SMV-G5H and not to the virulent G7H strain, and there was no induction of SA. Increased 
callose deposition occurred in Rsv3 plants after inoculation with SMV-G5H. Treatment of Rsv3 
plants with a callose synthase inhibitor resulted in the formation of HR lesions in response to 
SMV-G5H suggesting that the virus was not effectively localized and suggesting a possible link 
between Rsv3-mediated resistance and a cell death defense response. 
Studies have also been conducted on other SMV resistance responses. Proteomic analysis of 
the Rsc8 resistance response implicated genes involved in cell wall reinforcement, active oxygen 
removal, defense signal transduction, and regulation of metabolism (Yang et al., 2011). 
However, more work is needed to firmly establish roles for these genes in SMV resistance. 
Resistance in cultivar Jidou 7 is characterized by the formation of necrotic local lesions that 
become apparent by 72 hpi with an avirulent SMV isolate. In SMV inoculated Jidou 7 plants, the 
deposition of callose in association with plasmodesmata was detected as early as 2 hpi in 
incompatible but not compatible interactions (Li et al., 2012). Application of a callose synthase 
inhibitor prevented callose deposition and resulted in spreading HR lesions, which did not 
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contain the avirulent SMV isolate. These results indicate that callose deposition associated with 
cell walls and plasmodesmata is required for effective restriction of SMV in Jidou 7.  
CONTROL 
Similar to other non-persistently transmitted viruses, insecticidal control of aphid vectors usually 
provides little reduction in SMV incidence (Burrows et al., 2005; Johnson et al., 2008; Nakano 
et al., 1987; Pedersen et al., 2007). However, soybean cultivars with extra-dense pubescence had 
significantly lower incidence of SMV infection than more glabrous cultivars (Gunasinghe et al., 
1988; Pfeiffer et al., 2003; Ren et al., 2000). Regardless, the most efficient and environmentally-
sound approach to control SMV, apart from planting virus-free seeds, is deployment of 
resistance soybeans containing pyramided R-genes (Saghai et al., 2008b; Shakiba et al., 2012b; 
Shi et al., 2009). High levels of resistance to SMV have also been produced in transgenic plants 
expressing genomic regions of the SMV from sense or inverted repeat constructs (Furutani et al., 
2006, 2007; Gao et al., 2015a; Kim et al., 2013, 2016; Wang et al., 2001; Zhang et al., 2011). 
Even though transgenic plants significantly lower SMV incidence in the field (Steinlage et al. 
2002), none have been incorporated into soybean breeding programs.  
BIOTECHNOLOGY APPLICATIONS 
Infectious cDNA clones of various SMV strains have been constructed (Chowda-Reddy et al., 
2011a; Domier et al., 2011; Hajimorad et al., 2003; Seo et al., 2009c,d; Wang et al., 2006). 
Similar to other potyviruses, SMV genome expression strategy has made it suitable for 
expression of inserted transgene sequences. Wang et al. (2006) inserted cloning sites between the 
P1 and HC-Pro cistrons and downstream of a synthetic protease cleavage site in infectious 
cDNAs of strains SMV-N and SMV-G7. The SMV expression vectors stably expressed uidA, 
green and red fluorescent protein genes and were used to examine the function of avirulence 
genes of a bacterium, the role of CI in Rsv3-mediated resistance, regulation of pathogen defense 
pathways by mitogen-activated protein kinases, and elicitation of foliar disease symptoms by a 
fungus (Chang et al., 2016; Hajimorad et al., 2011; Liu et al., 2011; Wang et al., 2006; Zhang et 
al., 2009). Recently, Seo et al. (2016) modified an infectious clone of SMV to serve as a vector 
for bimolecular fluorescence complementation studies of protein-protein interactions. The 
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system allows the expression of potentially interacting proteins from a single SMV vector that 
can be rapidly visualized in soybean leaves.  
CONCLUSION AND FUTURE PROSPECTS 
The SMV-soybean pathosystem is a well-characterized, genetically tractable model system to 
study infection cycles of potyviruses including compatible and incompatible virus-host 
interactions, host range, vector transmission, and seed transmission. Resources that include 
infectious cDNA clones of a number of distinct SMV strains, SMV 3-D crystal structure, and the 
soybean genome sequence position this pathosystem to make important contributions to 
fundamental knowledge of plant-virus interactions (Chowda-Reddy et al., 2011a; Domier et al., 
2011; Hajimorad et al., 2003; Kendall et al., 2008; Schmutz et al., 2010; Seo et al., 2009c,d; 
Wang et al., 2006). Of particular interest is understanding the underlying mechanism(s) of Rsv1-
mediated ER and the restriction in movement of SMV by the Rsv4 locus, which may represent a 
new class of R-gene (Ilut et al., 2016). These may provide insights applicable to other virus-plant 
pathosystems. ER is an unusually effective form of resistance where the perception of an 
invading virus is rapid and robust preventing it from replicating and generating mutants capable 
of evading host defenses. Thus, it is hypothesized that R-genes conferring ER are more durable 
than R-genes that permit localized virus replication evident by the durability of Ry and Rx in 
potato (Bendahman et al., 1999; Mestre et al., 2000). Although SMV virulence determinants 
corresponding for each of the Rsv loci have been identified, the functional role(s) of these 
mutations in virulence and the mechanism of evasion remain to be understood. Molecular 
isolation of all SMV R-genes and 3D resolution of SMV avirulence/virulence factors would 
provide insights into the mechnisms of recognition and factors that drive evolution of SMV 
virulence genes, including whether the encoded R protein directly or indirectly mediates 
recognition of SMV avirulence proteins, and to resolve the role(s) of already identified mutations 
in such interactions.  
Molecular isolation of SMV R-genes would benefit from establishing the genic and allelic 
relationships among the Rsv and Rsc genes that map to the same soybean chromosome (Table 1). 
Additionally, establishing a standardized system for naming and classifying type strains, isolates, 
and naturally-occurring SMV strains in relation to R-genes, would clarify both the host and 
pathogen components of the pathosystem.  
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Recessive genes for virus resistance often are broadly more durable than dominant genes for 
strain-specific resistance.  In other potyvirus systems, mutations in eIF4E have been shown to 
impart durable recessive virus resistance by disrupting interactions with VPg required for 
translation initiation (Moury et al., 2014). It may be possible to impart resistance to SMV by 
site-specific mutagenesis of soybean eIF4E or other genes encoding proteins essential for virus 
infection using CRISPR-Cas9 technologies (Sun et al., 2015). 
Additional areas of interest are understanding the underlying molecular mechanism(s) of host 
specificity of SMV. While most potyviruses, including SMV, have narrow host ranges, some 
have broad host ranges (Adams et al., 2012). Because the barriers to SMV’s host range 
expansion likely are at the level of virus-plant interactions, comparative analyses of narrow 
versus broad host range legume-infecting potyviruses may provide new insights into the 
important question of host specificity. 
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FIGURE LEGENDS 
Fig. 1 Properties of the Soybean mosaic virus (SMV)-soybean pathosystem. (A) Typical 
symptoms induced by SMV in a susceptible soybean. (B) Negatively stained filamentous SMV 
particles of about 750 nm in length. (C) Alate Rhopalosiphum padi that transmits SMV non-
persistently. R. Padi is one of the most important aphid vectors of SMV in the Midwest of the 
United States. (D) Seed-coat mottling of soybean seeds induced by SMV.  
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Fig. 2 Genome organization of Soybean mosaic virus (SMV) illustrating the proteases 
responsible for cleaving (arrows) the polyprotein precursor to produce mature proteins shown as 
rectangular boxes. The functions attributed to the SMV encoded proteins are indicated for each 
cistron. Single amino acid changes in HC-Pro and CP associated with seed and aphid 
transmission of SMV are indicated parenthetically.  
Fig. 3 Phenotypes of SMV resistance in soybean isolines expressing resistant and susceptible 
alleles for each of the Rsv genes to inoculation with cDNA clones of avirulent SMV strains 
modified to express the uidA gene encoding the β-glucuronidase reporter enzyme. Unifoliate 
leaves were biolistically inoculated and stained for β-glucuronidase activity 14 days post 
inoculation. Note the expression of extreme resistance by (A) the Rsv1 allele in L78-379 against 
SMV-G2, (B) the Rsv3 in L29 against SMV-G7, and (C) restriction in movement by the Rsv4 
allele in V94-5152 against SMV-G2.  
Fig. 4 Avirulence/virulence determinants SMV shown on a schematic representation of the SMV 
genome on soybean genotypes containing (A, B) the entire Rsv1 locus from PI96983, (C) two 
soybean recombinant inbred lines (RILs) that contained a recombination event within the Rsv1 
locus from PI96983 (Hayes et al., 2004) , (D) the Rsv3-locus in L29, and (E) the Rsv4-locus in 
V94-5152.  The location of the mutation and the amino acid residues for each determinant is 
shown below the viral protein.  Data are summarized from (A) (Eggenberger et al., 2008); (B) 
(Hajimorad et al., 2008, 2011; Wen et al., 2013); (C) (Hayes et al., 2004; Hajimorad et al., 2011; 
Wen et al., 2011, 2013); (D) (Seo et al., 2009a; Zhang et al., 2009); (E) (Ahangaran et al., 2013; 
Chowda-Reddy et al., 2011a; Khatabi et al., 2012; Wang et al., 2015). 
Fig. 5 Proposed Rsv1 signaling pathway. (A) Example of Rsv1 loss-of-extreme resistance (ER) 
screen strategy via virus-induced gene silencing (VIGS). Inoculation of soybean plants 
previously infected with a Bean pod mottle virus-derived VIGS vector containing a fragment of 
the soybean homologue of PHYTOALEXIN DEFICENT 4 (PAD4) (Glyma08g00420) suppressed 
ER and allowed movement of SMV-G2 expressing the uida gene out of inoculation sites 
(detected by staining for the β-glucuronidase reporter enzyme). (B) A proposed signaling 
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pathway incorporating gene silencing results from Fu et al. (2009) and Zhang et al. (2012). 
VIGS suggests that the signaling proteins listed are necessary for Rsv1 resistance. The hierarchy 
of the signaling pathway is inferred from genetic studies of defense signaling genes in other plant 
species. NB-LRR, nucleotide binding site leucine-rich repeat; HSP90, heat shock protein 90; 
SGT1, suppressor of the G2 allele of skp1; RAR1, required for Mla12 resistance 1; EDS1, 
enhanced disease susceptibility 1; JAR1, jasmonate resistant 1; EDR1, enhanced disease 
resistance 1; WRKY, WRKY transcription factor family member. 
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Fig. 1 Properties of the Soybean mosaic virus (SMV)-soybean pathosystem. (A) Typical symptoms induced 
by SMV in a susceptible soybean. (B) Negatively stained filamentous SMV particles of about 750 nm in 
length. (C) Alate Rhopalosiphum padi that transmits SMV non-persistently. R. Padi is one of the most 
important aphid vectors of SMV in the Midwest of the United States. (D) Seed-coat mottling of soybean 
seeds induced by SMV.  
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Fig. 2 Genome organization of Soybean mosaic virus (SMV) illustrating the proteases responsible for 
cleaving (arrows) the polyprotein precursor to produce mature proteins shown as rectangular boxes. The 
functions attributed to the SMV encoded proteins are indicated for each cistron. Single amino acid changes 
in HC-Pro and CP associated with seed and aphid transmission of SMV are indicated parenthetically.  
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Fig. 3 Phenotypes of SMV resistance in soybean isolines expressing resistant and susceptible alleles for each 
of the Rsv genes to inoculation with cDNA clones of avirulent SMV strains modified to express the uidA gene 
encoding the β-glucuronidase reporter enzyme. Unifoliate leaves were biolistically inoculated and stained for 
β-glucuronidase activity 14 days post inoculation. Note the expression of extreme resistance by (A) the Rsv1 
allele in L78-379 against SMV-G2, (B) the Rsv3 in L29 against SMV-G7, and (C) restriction in movement by 
the Rsv4 allele in V94-5152 against SMV-G2.  
132x205mm (300 x 300 DPI) 
This article is protected by copyright. All rights reserved.
Fig. 4 Avirulence/virulence determinants SMV shown on a schematic representation of the SMV genome on 
soybean genotypes containing (A, B) the entire Rsv1 locus from PI9683, (C) two soybean recombinant 
inbred lines (RILs) that contained a recombination event within the Rsv1 locus from PI96983 (Hayes et al., 
2004) , (D) the Rsv3-locus in L29, and (E) the Rsv4-locus in V94-5152.  The location of the mutation and 
the amino acid residues for each determinant is shown below the viral protein.  Data are summarized from 
(A) (Eggenberger et al., 2008); (B) (Hajimorad et al., 2008, 2011; Wen et al., 2013); (C) (Hayes et al., 
2004; Hajimorad et al., 2011; Wen et al., 2011, 2013); (D) (Seo et al., 2009a; Zhang et al., 2009); (E) 
(Chowda-Reddy et al., 2011a; Khatabi et al., 2012; Wang et al., 2015; Ahangaran et al., 2013).  
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Fig. 5 Proposed Rsv1 signaling pathway. (A) Example of Rsv1 loss-of-extreme resistance (ER) screen 
strategy via virus-induced gene silencing (VIGS). Inoculation of soybean plants previously infected with a 
Bean pod mottle virus-derived VIGS vector containing a fragment of the soybean homologue of 
PHYTOALEXIN DEFICENT 4 (PAD4) (Glyma08g00420) suppressed ER and allowed movement of SMV-G2 
expressing the uida gene out of inoculation sites (detected by staining for the β-glucuronidase reporter 
enzyme). (B) A proposed signaling pathway incorporating gene silencing results from Fu et al. (2009) and 
Zhang et al. (2012). VIGS suggests that the signaling proteins listed are necessary for Rsv1 resistance. The 
hierarchy of the signaling pathway is inferred from genetic studies of defense signaling genes in other plant 
species. NB-LRR, nucleotide binding site leucine-rich repeat; HSP90, heat shock protein 90; SGT1, 
suppressor of the G2 allele of skp1; RAR1, required for Mla12 resistance 1; EDS1, enhanced disease 
susceptibility 1; JAR1, jasmonate resistant 1; EDR1, enhanced disease resistance 1; WRKY, WRKY 
transcription factor family member.  
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Table 1. Current status of research on soybean R gene loci conditioning resistance to Soybean mosaic virus (SMV). SMV strain-
specific resistance conferred by genes on four chromosomal regions in the soybean genome is described in terms of resistant cultivars, 
SMV strains, flanking genetic markers, physical intervals, and candidate genes within the identified target regions.  
R gene  
(SMV strains) 
Host genomic locus information Candidate genes 
CHROMOSOME NO. 2 (MLG D1B) 
Rsv4 (G1-G7) Cultivar: V94-5152 
Interval: 94 kb (12,044,285–12,163,994) 
Flanking markers: 
Rat2 and S6ac 
Candidate genes1: Glyma.02g121500, Glyma.02g121600, Glyma.02g121700, Glyma.02g121800, 
Glyma.02g121900, Glyma.02g122000, Glyma.02g122100, Glyma.02g122200, Glyma.02g122300, 
Glyma.02g122400, Glyma.02g122500 
Reference: (Ilut et al., 2016) 
Other reference: (Klepadlo et al., 2017a) 
Rsc8 (SC8) Cultivar: Kefeng No.1 
Interval: 30.75 kb (12,060,477-
12,091,080) 
Flanking markers: 
BARCSOYSSR_02_0614 and ZL-52  
Putative MADS-box protein encoding candidate genes1: Glyma.02G121500, Glyma.02G121600 
Reference: (Zhao et al., 2016) 
Other reference: (Wang et al., 2011b) 
Rsc7 (SC7) Cultivar: Kefeng No.1 
Interval: 158 kb (12,156,250- 12,313,357) 
Flanking markers: 
BARCSOYSSR_02_0621 
BARCSOYSSR_02_0632 
Reference: (Yan et al., 2015) 
Rsc18 (SC18) 
(specific to 
Kefeng No.1) 
Cultivar: Kefeng No.1 
Interval: 80 kb (13,026,964-13,104,653) 
Flanking markers: 
BARCSOYSSR_02_0667 
BARCSOYSSR_02_0670 
Candidate genes1: Glyma.02G127800, Glyma.02G128200, Glyma.02G128300 
Reference: (Li et al., 2015) 
CHROMOSOME NO. 6 (MLG C2) 
Rsc15 (SC15) Cultivar: RN-9 
Interval: 1.58 Mb (14,644,242-
Reference: (Yang and Gai, 2011) 
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Table 1 (continued) 
16,221,141) 
Flanking markers: Sat213 and Satt286 
CHROMOSOME NO. 13 (MLG F) 
Rsv1 (G1-G7) Cultivar: PI96983 (Rsv1) 
Interval: 75.3 kb (30,355,157-30,430,435) 
Cloned NBS-LRR-encoding Rsv1 gene candidates from PI969831: Glyma.13g190000 (5gG3), 
Glyma.13g190800 (3gG2)  
References: (Jeong and Saghai Maroof, 2004, Hayes et al., 2004) 
Rsv1-h  
(G1-G7) 
(SC6-N, SC7-N) 
Cultivar: Suweon97 (Rsv1-h) 
Interval: 97.5 kb (29,815,342-29,912,454) 
Flanking markers for Rsv1-h: 
BARCSOYSSR_13_1114 
BARCSOYSSR_13_1115 
Suweon97 contains Rsv1-h that also confers resistance to SC6-N and SC7-N SMV strains. 
Candidate NBS-LRR-encoding Rsv1-h genes1: Glyma.13g184800, Glyma.13g184900 
Reference: (Ma et al., 2016) 
Rsc-ps (SC7) Cultivar: PI96983 
Interval: 378 kb (30,501,849-30,880,147) 
Flanking markers: 
BARCSOYSSR_13_1140 
BARCSOYSSR_13_1155 
Reference: (Yang et al., 2013) 
Rsc-pm (SC3, 
SC6, SC17) 
Cultivar: PI96983 
Interval: 345 kb (30,119,784-30,464,941) 
Flanking markers: 
BARCSOYSSR_13_1128 
BARCSOYSSR_13_1136 
Reference: (Yang et al., 2013) 
Rsc3Q (SC3) Cultivar: Qihuang1 
Interval: 181 kb (30,284,317-30,464,941) 
Flanking markers: 
S-110 and BARCSOYSSR_13_1136 
Candidate NBS-LRR-encoding genes1: Glyma.13g190000 (Glyma13g25920), Glyma.13g190300 
(Glyma13g25950),  Glyma.13g190400 (Glyma13g25970), Glyma.13g190800 (Glyma13g26000) 
Reference: (Li et al., 2017) 
Other reference: (Zheng et al., 2014) 
Rsc12 (SC12) Cultivar: Qihuang22 
Interval: (29,609,605--30,739,608) 
Flanking markers: 
Satt334 and Sct_033 
Reference: (Ma et al., 2010) 
Rsc14Q or 
Rsc14 (SC14) 
Cultivar: Qihuang1, PI96983 
Interval: 3.1 Mb (27,656,933-30,739,608) 
Flanking markers: 
References: (Li et al., 2006; Ma et al., 2011) 
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Table 1 (continued) 
Sat_234 and Sct_033 
Rsc18Q (SC18) 
(specific to 
Qihuang22) 
Cultivar: Qihuang22 
Interval: 568 kb (29,041,580-29,609,652) 
Flanking markers: 
SOYHSP176 and Satt334 
Rsc18Q locus coincides with Rsv1, Rpv1 (Peanut mottle virus resistance), Rps3 (Phytophthora root rot 
resistance) 
Reference: (Li et al., 2015) 
CHROMOSOME NO. 14 (MLG B2) 
Rsv3 (G5-G7) Cultivar: L29 
Interval: 153 kb (46,937,863- 47,091,090) 
Flanking markers: 
A519F/R and M3Satt 
Candidate NBS-LRR encoding gene1:  Glyma.14g204700 (Glyma14g38533) 
Reference: (Suh et al., 2011) 
Other reference: (Redekar et al., 2016) 
Rsc4 (SC4) Cultivar: Dabaima 
Interval:  63.3 kb (46,944,330-47,007,611) 
Flanking markers: 
BARCSOYSSR_14_1413 
BARCSOYSSR_14_1416 
Candidate NBS-LRR encoding gene1s: Glyma.14g204500 (Glyma14g38500), Glyma.14g204600 
(Glyma14g38516), Glyma.14g204700 (Glyma14g38533) 
Reference: (Wang et al., 2011a) 
Other reference: (Li et al., 2016) 
1 Annotations from Glycine max Wm82.a2.v1 genome sequence 
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